In Drosophila, adaptation to xeric environments presents many challenges, greatest among them the maintenance of water balance. Drosophila mojavensis, a cactophilic species from the deserts of North America, is one of the most desiccation resistant in the genus, surviving low humidity primarily by reducing its metabolic rate. Genetic control of reduced metabolic rate, however, has yet to be elucidated. We utilized the recently sequenced genome of D. mojavensis to create an oligonucleotide microarray to pursue the identities of the genes involved in metabolic regulation during desiccation. We observed large differences in gene expression between male and female D. mojavensis as well as both quantitative and qualitative sex differences in their ability to survive xeric conditions. As expected, genes associated with metabolic regulation and carbohydrate metabolism were differentially regulated between stress treatments. Most importantly, we identified four points in central metabolism (Glyceraldehyde 3-phosphate dehydrogenase, transaldolase, alcohol dehydrogenase, and phosphoenolpyruvate carboxykinase) that indicate the potential mechanisms controlling metabolic rate reduction associated with desiccation resistance. Furthermore, a large number of genes associated with vision pathways also were differentially expressed between stress treatments, especially in females, that may underlie the initial detection of stressful environments and trigger subsequent metabolic changes.
A MONG the environmental challenges most stressful to insects are starvation, desiccation, and extreme heat or cold. As insects have radiated into different habitats such as the tropics and deserts, they have evolved metabolic adaptations to deal with their contrasting ecological conditions. We can take advantage of the diversity of habitats utilized by insects to address the ways in which metabolic pathways and the genes regulating them have evolved during the adaptation process. Nowhere is the opportunity to address these questions more promising than among the 12 species of Drosophila for which entire genome sequences are now available (Drosophila 12 Genomes Consortium 2007) .
Understanding the metabolic basis of evolutionary responses to environmental change is unlikely to be achieved by simple experimental means, especially for higher eukaryotes such as Drosophila. For one thing, metabolism is complex and can vary with sex and reproductive status. At any given time, a proportion of female and male members of a population would have mated and thus their metabolic responses to environmental change are likely to vary relative to their virgin counterparts. To the extent to which selection acts on different individuals within a population sex and reproductive status represent critical components of the metabolic architecture of adaptation.
Metabolism, or the synthesis and breakdown of compounds in different biochemical pathways, can be influenced by abiotic variables such as temperature and relative humidity and by biotic factors such as diet (Hochachka and Somero 2002) . Distinct but interconnected pathways underlie the metabolism of proteins, lipids, and carbohydrates, and furthermore, some gene products are expected to have more critical roles than others in controlling the flow or ''flux'' through these pathways (Kacser and Burns 1973; Fell 1997) . What remains unclear, however, is precisely which steps in metabolism are modulated in response to environmental challenges.
For Drosophila, the ability to survive in dry habitats presents an especially formidable ecological and physiological challenge (Gibbs 2002) . Xeric-adapted Drosophila species have responded to these challenges with high desiccation resistance (Gibbs and Matzkin 2001; Matzkin et al. 2007) , lower water loss rates (Gibbs and Matzkin 2001) , and lower metabolic rates under dry conditions (Gibbs et al. 2003b) . Additionally, artificial selection experiments in Drosophila melanogaster suggest that increased desiccation resistance affects both metaExpression data from this article have been deposited in the Gene Expression Omnibus under series entry no. GSE16234.
Supporting information is available online at http:/ /www.genetics.org/ cgi/content/full/genetics.109.104927/DC1. 1 bolic pool titer and utilization. For example, laboratoryselected desiccation-resistant D. melanogaster populations accumulate more glycogen (Djawdan et al. 1998) and differentially metabolize carbohydrates under desiccating conditions compared to unselected populations (Gibbs 2002) . The physiological, behavioral, and morphological (e.g., cuticle composition) adaptations associated with inhabiting a xeric habitat are likely to have resulted, in part, from the modulation of expression of the underlying genes and of flux through its associated metabolic pathways.
D. mojavensis offers an exceptional model system to study the genetics and genomics of adaptation, both because of our extensive knowledge of its desert ecology (Heed 1978) and because of the recent development of powerful species-specific genetic and genomic tools (Matzkin et al. 2006; Drosophila 12 Genomes Consortium 2007; Schaeffer et al. 2008) . D. mojavensis is a cactophilic fly inhabiting the deserts of North America. Adaptation to its xeric habitat includes extreme desiccation resistance and the ability to reduce respiration rate or water loss rate under desiccating conditions (Gibbs and Matzkin 2001; Gibbs et al. 2003b; Matzkin et al. 2007) . The relative humidity experienced by D. mojavensis in the field can be as low as 8%, although it can fluctuate depending on the time of day and location on the host (Gibbs et al. 2003c) . Furthermore, D. mojavensis is similar to other Drosophila in which female desiccation resistance does not decrease postmating (Markow and O'Grady 2005) ; it actually has been shown to increase following mating (Knowles et al. 2004 (Knowles et al. , 2005 .
In this study we assessed transcriptional changes associated with the ability of D. mojavensis to survive in a xeric environment. Using the recently sequenced genome (Drosophila 12 Genomes Consortium 2007), we designed and created a complete genome oligonucleotide microarray. We exposed D. mojavensis to desiccating conditions and examined their transcriptional profile to begin to determine the genetic underpinnings of the known desiccation-dependent metabolic rate reduction in this species. To gain a more comprehensive and biologically representative picture of the desiccation response we examined transcriptional profiles of virgin and mated flies of both sexes, since mating status in the field is variable (see Figure 1 ).
MATERIALS AND METHODS

Microarray experimental design:
The stock used in this study (15081-1352.22 ) was the same one utilized for the recently published D. mojavensis genome sequence (Drosophila 12 Genomes Consortium 2007). Flies were reared using standard Tucson Drosophila Stock Center banana/Opuntia media. The experimental design consisted of two mating status treatments (virgin and mated) and two stress treatments (desiccation and food) for both sexes (see Figure 1 ). Cultures were maintained in several banana/Opuntia bottle containers and virgin flies were collected and sexed within 24 hr of eclosion and placed in 8-dram banana/Opuntia vials (20 flies per vial). The virgin treatment consisted of keeping the flies in male-only or female-only vials for 8 days, transferring them into fresh food vials once at day 4. The mated treatment was identical to the virgin treatment for the first 7 days, and at the beginning of the eighth day male and female vials were combined. Flies remained in these mixed-sex vials for only 24 hr at which time they were separated by sex. At the end of the 8-day period half of the flies from the virgin and mated treatments were placed in new food vials and half in a desiccator. The desiccator was composed of a 30 3 30 3 30-cm clear acrylic box. Ambient air was pumped through two columns filled with 500 cm 3 of Drierite desiccant into the chamber at a rate of 1.5 liters per minute. Additionally we placed inside the chamber a container filled with 200 cm 3 of Drierite desiccant. Empty 8-dram vials with either six males or six females were capped using a cotton ball and placed inside the desiccator. Relative humidity inside the chamber was sampled every minute, using a HOBO relative humidity data logger (ONSET Computer Corporation). The relative humidity throughout the experiment was maintained at ,2%. Prior to commencing the experiment the air in the chamber (with vials) was flushed for 15 min. All flies were left inside the desiccator for 40 hr, at which point $30% of the flies have died (LT30). After this drying period, dead flies were aspirated and discarded while live flies were placed in groups of 15 in 1.5-ml tubes, snap frozen in liquid nitrogen, and placed in a À80°freezer until processing.
Microarray design and processing: To access gene expression differences among treatments we design a complete D. mojavensis genome oligonucleotide microarray. We utilized custom NimbleGen's 4-plex microarrays. The design was based on the GLEANR gene predictions of the published D. mojavensis genome (Drosophila 12 Genomes Consortium 2007). The microarray consisted of 69,997 60-oligonucleotide probes representing 17,504 features (for all but 11 features there were 4 probes per feature). The bulk of these features, 17,477, were GLEANR gene predictions (2506 that contain transposable elements contaminants), 19 were mojavensis-specific genes (MSG) described in Matzkin et al. (2006) , and 8 are from Kelleher et al. (2007) .
Total RNA extraction was performed using Invitrogen's (Carlsbad, CA) PureLink Micro-to-Midi Total Purification System. The suggested manufacturer's instructions were followed, which included a DNase I digestion to remove any possible genomic DNA contamination. The quality and concentration of the RNA was determined using a NanoDrop spectrophotometer (NanoDrop Technologies). For all samples the 260/ 280-nm ratio was .2.30 and the 260/230-nm ratio was .1.50. For each sex and mating status and stress treatment two replicates (of 15 flies each) were hybridized (16 total hybridizations). Samples were submitted (20 mg of total RNA per sample) to NimbleGen's Reykjavik, Iceland facility for processing. The cDNA synthesis, hybridization, and visualization were performed by NimbleGen (www.nimblegen.com) .
Microarray statistical analysis: Gene expression intensities were quantile normalized (Bolstad et al. 2003) and gene calls generated using the robust multichip average (RMA) algorithm . Log 2 intensities were analyzed using a two-step ANOVA (Wolfinger et al. 2001) . The two-step ANOVA consists of a global analysis in which random effects associated with hybridizations into different slides and the use of multiple probes were removed. The second step utilized the residuals from the global analysis to perform a gene-specific test. The statistical model used in this study was Global : 
, and m ¼ 1-2 and both the slide and the probe effects were random. The analysis was performed using the PROC MIXED model in SAS (ver. 9.0; SAS Institute, Cary, NC). Significance for each gene was determined using the false discovery rate (FDR) method (5% level) of Storey and Tibshirani (2003) .
To examine the functional and biological characteristics of the genes that were differentially expressed in our study, we performed both a functional annotation and a functional clustering analysis. Both of these analyses were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) resource (http:/ /niaid.abcc.ncifcrf. gov/) . The functional annotation analysis determines the overrepresentation of Gene Ontology (GO) terms for all three categories (molecular function, biological process, and cellular component). Overrepresentation of GO terms was assessed using a conservative Fisher's exact test (see Hosack et al. 2003) and significance was determined both by examining the P-value and by the FDR method (set at 5%).
One issue with such analysis is that genes can have multiple GO terms and some of these are very general. For example, physiological process is a GO term, so one potentially could have an overrepresentation of this term due to many genes that have an effect on physiology, but that perform dissimilar functions. Alternatively, by clustering groups of genes using GO terms, protein domain information, pathway membership, and other such criteria, one can extract more relevant biological information. We utilized the heuristic fuzzy partition algorithm in DAVID, using medium stringency ) to determine and characterize functionally similar clusters of genes that were differentially regulated in response to the stress and/or mating status treatments.
Verification of microarray results: Given the possible false positive error associated with the microarray analysis, we validated the expression results, using quantitative PCR (QPCR), for a subset of the differentially expressed genes (see results). Furthermore, since desiccating flies are not given any food we repeated the experiment as described above (for virgin females) with the addition of a starvation treatment. Flies were either desiccated for 36.5 hr (LT 44) or maintained for the same amount of time in food vials or vials containing 0.5% agar (nonnutritive water source). After the 36.5 hr all survivors were placed in groups of five in 1.5-ml tubes, snap frozen in liquid nitrogen, and placed in a À80°freezer. Seven sets of five females were analyzed for each of the three treatments (control, desiccation, and starvation). Total RNA extraction was performed as above, using Invitrogen's PureLink Microto-Midi Total Purification System. Synthesis of the cDNA was performed using ABI's High Capacity RNA-to-cDNA kit with a starting total RNA template of 400 ng per reaction. Duplicate QPCRs were performed for each sample on an ABI 7000 Sequence Detection System machine, using ABI's Power SYBR Green PCR kit. Analysis of differential expression was calculated using the Relative Expression Software Tool v2.0.7 (Pfaffl et al. 2002) , performing 10,000 bootstraps per gene.
RESULTS
Gene expression: Repeatability of signal intensity between replicates was very high. Correlation coefficients between replicates (r 2 ) ranged between 0.97 and 0.99 (data not shown). Table 1 shows the number of significant differentially expressed genes using the FDR method. Of the three single factors, sex had the greatest level of differentially expressed genes (9233), while the overall effect due to mating status affected the least number of genes (75). Exposure to a desiccating environment resulted in the modulation of 1679 genes, including 4 associated with central metabolism; glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (GI20859), transaldolase (Tal) (GI18849), and alcohol dehydrogenase-2 (Adh-2) (GI17643) were downregulated and phosphoenolpyruvate carboxykinase (Pepck) (GI18450) was upregulated ( Figure 2) .
Of the genes differentially expressed between the sexes, 1.6 times more genes were upregulated in females relative to males. A greater number of genes (6.5 times more) were upregulated in mated flies relative to virgins. In addition to the single-factor analysis, there were three sets of two-factor interactions and one three-factor interaction. For each two-factor interaction there were 6 specific comparisons and 28 for the three-factor interaction. Since a large number of genes were differentially expressed between the sexes, Table 1 reports those two-and three-factor comparisons within females or males. The complete analysis is shown in supporting information, Table S1 . A greater number of differentially expressed genes were observed for males than for females both in the comparison between mating status and in that between stress treatments (214 vs. 37 and 1927 vs. 809, respectively). Only 23 genes were differentially expressed between mated and virgin females in the food treatment and 36 genes while in the desiccator (Table 1 ). For males, 409 genes were differentially expressed between mating status treatments while in food, but only 47 genes after desiccation. All expression data have been placed in the Gene Expression Omnibus under series entry GSE16234.
Of the genes differentially expressed in response to desiccation in females (809) and males (1927), 344 were commonly expressed in both sexes. The majority of genes (95%) had a similar pattern of expression between the sexes (r 2 ¼ 0.79, t ¼ 35.7, P , 0.001). In other words, if one of these coexpressed genes was upregulated in response to desiccation in males, it likely was upregulated in females (Figure 3 ). Sixteen genes, however, were upregulated in males and downregulated in females under desiccation (Figure 3) . Conversely, two genes exhibited downregulation in males and upregulation in females under desiccating conditions (Figure 3) .
We performed both a functional annotation (i.e., GO term overrepresentation) and functional clustering analysis on a select number of comparisons between treatment conditions. Using a FDR of 10% we observed 113 overrepresented GO terms in the desiccation vs. food comparison, 8 in the mated vs. virgin males, 89 in the desiccation vs. food females, 75 in the desiccation vs. food males, 2 in the mated-desiccation vs. virgindesiccation females, and 23 in the mated-food vs. virginfood males (Table S2) . For all other comparisons, no overrepresented GO terms were observed. In the desiccation vs. food comparison a few of the overrepresented GO terms were amino acid metabolism, phototransduction, carbohydrate metabolism, rhodopsin metabolism, hydrolase activity, and proteolysis. The majority of the overrepresented terms in the mated vs. virgin comparison in males were associated with antibacterial response. When we analyzed the desiccation response in females and males separately, for both sexes there was an overrepresentation of GO terms associated with metabolism (lipid, amino acid, and carbohydrate), vision, phototransduction, and rhodopsin metabolism. Additionally, in females we detected an overrepresentation of chorion genes. Clustering of genes into functionally related groups allowed a more biologically meaningful examination of the expression changes. A total of 42 clusters were produced from the set of genes differentially expressed between the desiccation and food treatments (Table 2) , 5 clusters in the male-mated vs. male-virgin comparison (Table S3) , 23 clusters in the femaledesiccation vs. female-food comparison (Table S4) , 41 clusters in the male-desiccation vs. male-food comparison (Table S5) , and 15 clusters in the mated-food vs. virginfood comparison for males (Table S6) .
Quantitative PCR validation: The four central metabolism genes (Tal, Gapdh, Pepck, and Adh-2) that were differentially expressed under desiccating conditions were verified using QPCR. Additionally, two ribosomal genes were used as controls, 16S (mitochondrial) and 18S (nuclear). The sequences of the QPCR primers used are shown in Table S7 . The results obtained from the QPCR (downregulation of Adh-2, Gapdh, and Tal and the upregulation of Pepck under desiccation) were identical to those observed using the microarray (Figure 4) . Furthermore, with the exception of Pepck, starvation did not significantly affect the expression of Tal, Gapdh, and Adh-2. Although Pepck expression is also affected by starvation, its induction under desiccation stress is 2.5 times greater (P ¼ 0.03) than under starvation (Table S8) .
DISCUSSION
While the main physiological changes accompanying desiccation in Drosophila are known (Gibbs and Matzkin 2001; Gibbs et al. 2003a) , the critical metabolic control points in the pathways underlying these changes have remained obscure. Here, rather than merely providing a list of genes by functional category whose expression changes with desiccation stress, we link phenotypic responses to particular metabolic pathway points and the genes that code for them.
Transcriptional adaptation to desiccation: Desertadapted species face many challenges, among them the ability to survive in an environment of low water resources (Hadley 1994) . Nowhere is this challenge more serious than for terrestrial arthropods with unfavorable surface-to-volume ratios. In insects several mechanisms such as anhydrobiosis (Watanabe 2006 ), discontinuous gas exchange (Lighton 1996) , and cuticle lipid composition (Hadley 1979 ) have evolved as responses to inhabiting xeric environments. Within the genus Drosophila many species have adapted to the desert. One such example is D. mojavensis, a cactophile more resistant to desiccation than all of its congeners (van Herrewege and David 1997; Gibbs and Matzkin 2001; Matzkin et al. 2007 ). D. mojavensis can survive for long periods in low humidity because of an overall reduction in metabolic rate and discontinuous gas exchange (Gibbs 2002; Gibbs et al. 2003b; Marron et al. 2003) . This physiological response to a desiccating environment appears to be unique to xeric and not to mesic species such as D. melanogaster (Gibbs et al. 2003b) . A decreased metabolic rate effectively reduces the period during which the spiracles are open and water loss is maximized. For D. mojavensis humidity can drastically change temporally (monsoon vs. dry season) and spatially (inside vs. outside cactus necrosis) (Gibbs et al. 2003c) . Comparison of the transcriptional profiles of desiccated and nondesiccated flies allows for the initial assessment of the metabolic modulations associated with the xeric-habitat adaptation of D. mojavensis.
A large number of genes (1679) were differentially expressed as a response to desiccating conditions. Furthermore, because these genes were differentially expressed in both sexes and mating status treatments, they can be assumed to underlie a general transcriptional response to desiccation in D. mojavensis. Gene ontology information is available for most (1018) of these genes. We performed a heuristic fuzzy partition analysis that grouped differentially expressed genes into 42 functional clusters. The largest group was composed of 167 genes, all playing some role in protein metabolism (Table 2) , which suggests, as predicted from previous work (Gibbs et al. 2003b; Marron et al. 2003) , that metabolism is affected as a response to desiccation. Of these 1679 genes, however, which ones play a major role in controlling metabolic flux?
Metabolic control analysis suggests that control of flux through a pathway lies at very few points (Kacser and Burns 1973; Fell 1997) . Control of flux of a particular enzyme in a pathway can be strongly dependent on its concentration and is measured as a control coefficient that typically ranges from 0 (no effect on flux) to 1 (proportional effect on flux), but in certain cases can be negative and .1 (Kacser and Burns 1973) . Pathways thus can buffer changes, be it via expression or amino acid substitutions, at points of low control of flux (Kacser and Burns 1981) . Enzymes with high flux control coefficients tend to lie at the branch points of pathways and therefore are disproportionately affected by natural selection (Eanes 1999; Watt and Dean 2000) . This is mostly due to the common substrate utilized by branch point enzymes, such as the enzymes that share glucose-6-phosphate as a substrate in D. melanogaster and D. simulans (Flowers et al. 2007) . Additionally, the level of control of flux at any particular point is very much context dependent and is affected by the intracellular environment, such as activity changes at other points of the pathway (Dykhuizen and Hartl 1980; Dykhuizen et al. 1987) . We can utilize the gene expression differences observed in this study to reveal the transcriptional changes responsible for the reduction in water loss rate, via a lower metabolic rate, in D. mojavensis exposed to a desiccating environment.
Our microarray analysis, subsequently verified by QPCR, showed the significant differential regulation of four genes (Gapdh, Tal, Adh, and Pepck) associated with key points in central metabolism, which points to an overall reduction in metabolism in desiccated flies. These four enzymes are major components of the central metabolic pathway (Figure 2 ). The pentose shunt pathway, to which TAL belongs, is responsible for $40% of the NADPH production (Geer et al. 1979) . In D. mojavensis, as in many species, ADH metabolizes small alcohol molecules (Matzkin 2005) , but additionally, in D. melanogaster it has been shown to play a role in the fatty acid synthesis pathway (Freriksen et al. 1991) . As its placement in the pathways indicates (see Figure 2) , GAPDH is important in both glycolysis and gluconeogenesis. PEPCK is crucial to the gluconeogenesis pathway, as it is the first step in that pathway (Hers and Hue 1983) . In certain experimental conditions and tissues the flux control coefficients of GAPDH, ADH, and PEPCK have previously been observed to be low (,0.08) in Saccharomyces cerevisiae, D. melanogaster, and Rattus sp., respectively (Groen et al. 1986; Brindle 1988; Freriksen et al. 1994) . But due to changes in the cellular environment, variations in flux control coefficients have been observed between different tissues or developmental stages within the same organism: for example, 0.03 in the kidney and 0.26 in the brain for the mitochondrial pyruvate carrier in Rattus (Rossignol et al. 2000) and 0.02 in adults and 1.0 in larvae for ADH in D. melanogaster (Middleton and Kacser 1983; Freriksen et al. 1991) . Unfortunately control coefficients have never been measured in D. mojavensis, but given its distinct ecology it is reasonable to expect that the level of control of these metabolic enzymes might be different from that in other species. Taken together, our observations suggest that the coordinated concentration changes in these four enzymes could have a significant effect on flux. Changes in gene expression seen in this study mirror those observed at Gapdh (Alexander et al. 1988) , Tal (Heinrich et al. 1976) , and Pepck (Magnuson et al. 1987) in response to decreased insulin titer. In Drosophila insulin signaling pathways have been known to be modulated under starvation conditions (Rion and Kawecki 2007) . The changes at the four metabolic points observed in this study suggest that under desiccating conditions D. mojavensis might be increasing the rate of gluconeogenesis. Given our experimental design (flies had no food or water), a starvation-like response would not be unexpected. If so, the starvation response is likely not to be severe, since starvation resistance of D. mojavensis is significantly greater than desiccation resistance (Matzkin et al. 2009 ). To try to tease out the effects of starvation we examined the gene expression of flies starved for the same amount of time that the flies were desiccated (36.5 hr). Although the changes in gene expression were mostly in the same direction for both stress treatments, only Pepck was significantly expressed under the starvation treatment, but not as greatly as for desiccation (Figure 4 ). This result suggests that at least in D. mojavensis, the modulation of Pepck, and most likely gluconeogenesis, is greatly affected under desiccating conditions and to a much lower extent under starvation.
In a recent study, Gershman et al. (2007) examined the transcriptional profile of adult female D. melanogaster following a restoration of nutrition (yeast) from a nutritionally restricted diet. In that study they observed some transcriptional changes occurring within hours of nutrition restoration. Similarly to Gershman et al. (2007) we observed the modulation dilp (insulin-related peptides) genes in the desiccation treatment, but unlike the current study they observed no expression differences in Pepck. Although in some aspects similar to starvation, this study indicates which points in the metabolic pathway (Gapdh, Tal, Adh, and Pepck) are specifically being modulated in response to desiccation. It is this reduction in metabolism that appears to be directly responsible for the decreased respiration rate and hence water loss rate in the xeric adapted D. mojavensis.
Metabolic responses to desiccation must first be triggered by perception of the stressful environment. Although no previous work exists regarding how D. mojavensis senses a desiccating environment, reports on D. melanogaster suggest involvement of phototransduction pathways. Members of phototransduction pathways have been shown to modulate in response to desiccation (Sørensen et al. 2007) , starvation (Harbison et al. 2005; Sørensen et al. 2007) , feeding following a nutritional restriction treatment (Gershman et al. 2007) , insecti- cide exposure (Pedra et al. 2004) , heat (Nielsen et al. 2006; Sørensen et al. 2007) , selection for longevity (Sørensen et al. 2007) , and overall general metabolic stress (Minke and Parnas 2006) . In our study we observed a significant (P , 0.001, after Bonferroni correction) overrepresentation of phototransduction genes within those differentially expressed under desiccating conditions. As previously suggested (Sørensen et al. 2007) , our data further implicate phototransduction pathways playing a role in stress response.
Sex-specific gene expression and mating in D. mojavensis: The transcriptomes of females and males appear to be distinct and under different selective pressures (Ellegren and Parsch 2007; Zhang et al. 2007) . In a previous analysis Zhang et al. (2007) observed that 25% of the transcriptome was sex biased, with roughly the same amount being expressed in either sex. In contrast, in this study we observed more than half (62%) of the transcriptome to be different among females and males, with the majority of those genes (62%) being upregulated in females. Also, comparisons of only mated or virgin flies still indicate a much greater level of sexbiased expression (54 and 46%, respectively; Table S1 ). Additionally, the fraction of female-biased genes is identical when examined experiment-wide (62%), for only mated flies (61%) or only virgin flies (59%). Selection at any particular gene is context dependent, be it in different tissues, developmental stages, or sex. Malebiased gene expression appears to be associated with higher levels of nucleotide divergence (Khaitovich et al. 2005; Zhang et al. 2007) , suggesting that sexual selection can affect the evolution of the transcriptome. Our study suggests that sex-specific selection pressures might affect a much greater fraction of the D. mojavensis genome than previously thought.
Unlike D. melanogaster, D. mojavensis females are provided with energetic ejaculates by males (Markow and O'Grady 2005) . Incorporation of male-derived substances after copulation may explain why D. mojavensis females experience no postmating reduction in stress performance (Markow and O'Grady 2005) . Previous work revealed that both proteins and phosphorous derived from the male are incorporated into female somatic tissues (Pitnick et al. 1997; Markow et al. 2001) . Given these different physiological outcomes of mating in D. mojavensis males and females, sex differences in transcription following mating are no surprise.
Glycogen functions as a long-term carbohydrate storage molecule that can affect many life history characteristics such as desiccation resistance and flight performance (Graves et al. 1992) . Courting involves an intricate dance, composed of specific sets of wing beats and movements, which presumably is energetically costly (Ewing and Miyan 1986; Markow and Toolson 1990) . Interestingly, virgin males have a slightly greater expression (9%) of glycogen phosphorylase (GP) than their mated counterparts. Glycogen phosphorylase is the enzyme responsible for breaking down glycogen to glucose-1-phosphate, which then can enter glycolysis. This appears contrary to our prediction that glycogen catabolism increases in response to courtship and mating. Recent work in D. melanogaster, however, suggests fitness effects of GP variation become apparent only when enzyme activity is roughly halved (Eanes et al. 2006) . Therefore the changes we observed at GP are probably insufficient to negatively affect glycogen titer in males postmating.
Cuticular hydrocarbons long have been proposed to play a role in courting behavior and mating (Carlson et al. 1978; Markow and Toolson 1990) . We observed a significant upregulation of desaturase-2 (desat2) in D. mojavensis females following mating. The desat2 gene, as well as its paralog desat1, codes for an enzyme with stearoyl-CoA 9-desaturase activity, which is responsible for the synthesis of cuticular hydrocarbons (Dallerac et al. 2000; Ueyama et al. 2005) . Variation at desat2 was previously implicated in premating isolation between cosmopolitan and Zimbabwean populations of D. melanogaster (Greenberg et al. 2003 (Greenberg et al. , 2006 , although its role in behavioral isolation has recently been critically challenged (Coyne and Elwyn 2006a,b) . Aside from its possible function in courtship, desat2 could possibly affect the accumulation of triglycerides following mating in D. mojavensis. In D. melanogaster, desat1 has been shown to be the rate-limiting step in the synthesis of fatty acids and to largely affect overall lipid pools (Ueyama et al. 2005) . Interestingly desat2 was not differentially modulated in males, suggesting the possible existence of sex-specific mechanisms of triglyceride allocation. Finally, it should be noted that all the changes observed in this study are at the transcriptional level. To further understand the gene modulation effects on protein function, analyses at the proteomic and metabolomic levels are necessary.
Conclusion: Survival in a xeric environment places many selective pressures on an organism. For arthropods, maintenance of adequate water balance is crucial. Cactophilic Drosophila have adapted to their desiccating environment by reducing their metabolic rate (Gibbs and Matzkin 2001; Gibbs et al. 2003b) . Our results reveal that the relevant change in metabolic rate is modulated by the differential expression of four enzymatic points of the central metabolic pathway. Additionally, this study further implicates the role of phototransduction genes in stress sensing. As previously proposed (Lopez-Maury et al. 2008; Matzkin 2008) , we have shown how gene expression modulation can play an important role in adaptation.
We thank National Science Foundation (NSF) Research Experiences for Teachers intern Georgina J. Matzkin for all her hard work setting up the desiccation experiments. We thank Walt Eanes, Jeremy Bono, Tamara Haselkorn, Erin Kelleher, Laura Reed, and two anonymous reviewers for helpful comments on the manuscript. 
